Introduction
The Benguela Coastal Upwelling is one of the most productive ecosystems on Earth, holding a considerable amount of the world's living marine resources. After mining, the fisheries sector represents the second largest export earner in the Namibian economy (van Zyl 2010) . Over the last decades, conditions have been rapidly deteriorating due to overfishing, habitat degradation, excessive nutrient loading, pollution effects, etc. The imminent threat of greenhouse warming raises additional concern (Shannon & O'Toole 2003; Cochrane et al. 2007) . By means of climate models, it has already been tried to evaluate the potential impact of global climate change on the coastal upwelling. However, predictions have been inconclusive and remain to be tested against additional palaeo-records (Cohen & Tyson 1995) .
ductivity proxies (accumulation rates of total organic carbon; AR TOC ). Reconstructed sea surface temperatures (alkenone-derived SST) and temperatures at subsurface depths (T d18O ; based on tests of planktonic foraminifers) reflect the physical boundary conditions. The selection of proxy indicators proved a valuable basis for robust palaeo-climatic reconstructions, with the resolution ranging from multi-decadal (NAM1) over centennial (core 178) to millennial scale (core 226620). The northern Benguela experienced pronounced and rapid perturbation during the middle and late Holocene, and apparently, not all are purely local in character. In fact, numerous correlations with records from the adjacent South African subcontinent and the northern hemisphere testify to global climatic teleconnections. The Holocene Hypsithermal, for instance, is just as evident as the Little Ice Age (LIA) and the Roman Warm Period. The marked SSTrise associated with the latter is substantiated by other marine and terrestrial data from the South African realm. The LIA (at least its early stages) manifests itself in intensified winds and upwelling, which accords with increased rainfall receipts above the continental interior. It appears that climate signals are transferred both via the atmosphere and ocean. The combined analysis of SST and T d18O proved a useful tool in order to differentiate between both pathways. SSTs are primarily controlled by the intensity of atmospheric circulation features, reflecting changes of upwelling-favourable winds. T d18O records the temperature of the source water and often correlates with global ocean conveyor speed due to varying inputs of warm Agulhas Water. It seems as though conveyor slowdown or acceleration not only affected the temperature of the source water but also its nutrient content. This relationship between source water quality and conveyor speed is already known from glacial times.
We investigate the variability of the northern Benguela Upwelling since the middle Holocene and try to examine the impact of past climate fluctuations on the system. This is in order to assess its vulnerability to external climate forcing and to gain a better understanding of what the system may await in the future. In this regard, it is necessary to distinguish global and regional perturbations from those that are purely local in character.
Much effort has already been put in a better understanding of glacial-interglacial fluctuations in the Benguela system. Owing to several ODP-expeditions on the continental slope off southwest Africa, the Pleistocene evolution of upwelling is relatively well known, (e.g. Diester-Haas et al. 1988; Oberhånsli 1991; Summerhayes et al. 1995; Kirst et al. 1999; Berger & Wefer 2002; Kim et al. 2002) . In contrast, only few studies (e.g. Emeis et al. 2009 ) have so far availed themselves of the high-resolution shelf sediments. Terrestrial-based geoarchives from the adjacent subcontinent are also scarce, usually poorly resolved and dated (Heine 2005) . As a consequence, the hitherto documented history of Holocene climate variability is still fragmentary.
Compared to glacial-interglacial cycles, the Holocene is considered relatively stable. Nonetheless, palaeo-climate records from the North Atlantic show that periods comparable to the Little Ice Age and the Medieval Warming are recurrent features of the last millennia (Kreutz et al. 1997; Bianchi & McCave 1999) .
The Benguela is a highly dynamic system on both temporal and spatial scales, and the question is whether global perturbations are pronounced and far-reaching enough to leave clear marks in the central Namibian shelf environment, that is, to outweigh the immanent heterogeneity of the system.
Our investigation is based on three sediment cores from the central Namibian inner shelf. Their N-S alignment allows us to explore shifts of upwelling through time and to study local inhomogeneities. Palaeo-temperature estimates (alkenone unsaturation index UK'37 and d
18
O from foraminiferal calite) hold clues to the intensity of upwelling and varying types of source waters. Isotopic abundance ratios of nitrogen (d 15 N) and organic carbon (d 13 C org ), accumulation rates (AR) and total organic carbon (TOC) are used to reconstruct the nutrient regime and biological response at the time of deposition.
Setting
The Benguela Current represents the eastern boundary current of the South Atlantic anticyclonic gyre. A coastal upwelling system is situated at its eastern periphery. Coastal upwelling extends seaward about 150 to 200 km, but upwelling filaments have been observed as far offshore as 1000 km (Shannon 1985; Lutjeharms & Stockton 1987) . Upwelling generally concentrates on seven cells located along the southwest African coast (Shannon & Nelson 1996) . The principal centre is in the vicinity of Lçderitz (27 S) where strong upwelling occurs throughout the year. The Lçderitz Upwelling represents an environmental boundary between the northern and southern Benguela, creating two quasi-independent subsystems (Shannon & Nelson 1996; Shannon & O'Toole 2003; Mohrholz et al. 2008) . Figure 1 provides an insight in the main oceanographic features and modern flow pattern.
The trade wind-driven upwelling taps water from up to 200 m depths (Mohrholz et al. 2008) . The upwelled water represents a mlange of two upper central water masses, namely nutrient-rich and oxygen-poor South Atlantic Central Water (SACW) and well-oxygenated and nutrient-poor Eastern SACW (ESACW) (Mohrholz et al. 2008) .
SACW originates from the Brazil-Malvinas Confluence region of the Subtropical Convergence in the SWAtlantic and is transported within the subtropical gyre and the equatorial current system into the Angola Dome region. From there it is eventually advected along the shelf into the northern Benguela via the Angola Current, or, more precisely, via its southward continuation in the form of a poleward undercurrent penetrating through the Angola-Benguela Front. Its maximum southward reach is estimated at 27 S (Mohrholz et al. 2008 ). Owing to its low oxygen content, SACW is partly held responsible for the sub-to anoxic condition above the shelf (Chapman & Shannon 1987; Shannon & Nelson 1996) .
The second water mass, ESACW, is formed in the Agulhas Retroflection area in the south. It is a mixture of SACW from the subtropical gyre and varying amounts of warm Indian Ocean Central (Agulhas) Water injected into the South Atlantic through the Agulhas Current (Gordon 1986; Mohrholz et al. 2008) . The Agulhas Retroflection area and southern Cape Basin are referred to as the 'Cape Cauldron', a zone of turbulent inter-ocean exchange where Indian and South Atlantic waters are thoroughly stirred and mixed (Boebel et al. 2003) . The enhanced introduction of warm Agulhas Water is a recurrent event on (inter-) annual scales. On such occasions the Agulhas Water takes a more northerly path than usual, impacting on subsurface currents along the edge of the continental shelf (Shannon & O'Toole 2003) . On larger time scales, the amount of Indian Ocean Water injected into the South Atlantic is conjectured to depend on the intensity of the global thermohaline overturn (Gordon 1986 ). We will expatiate on this phenomenon below, when placing the northern Benguela in the context of global climate variability.
ESACW is carried northward along the upper continental slope and edge of the shelf by the Benguela Current itself (Gordon 1986; Mohrholz et al. 2008) . The mixing of the northward flowing ESACW and southward flowing SACW occurs in the large transition area between the Angola-Benguela Front and the Lçderitz Upwelling. There is a clear seasonal variability in the proportion of well-oxygenated ESACW and oxygen-poor SACW on the shelf off Walvis Bay; this results in sea-sonally alternating oxygenation of the bottom waters. The interaction of the alongshore and Ekman-induced cross-shelf current components makes the flow regime extremely complex (Mohrholz et al. 2008) . For detailed insight in today's nutrient dynamics and oceanographic features of the central Namibian shelf see Mohrholz et al. (2008) and .
Comprehensive reviews of the physical processes, chemistry and biology of the area are given by Chapman & Shannon (1985) , Shannon (1985) , Shannon & Pillar (1986) , Shannon & O'Toole (2003) and Shannon & Nelson (1996) .
Material and methods

Sediment cores
We investigated two gravity cores (178 and 226620) and one giantkastencore (NAM1) lying on a N-S-oriented transect off central Namibia. Some data have already been published previously (see clear listing in Table 1 ), however, in combination with hitherto unpublished data it is certainly worth showing it again.
General core properties are summarised in Table 1 . The cores originate from the coastal parallel belt of organic-rich, diatomaceous ooze coating the inner shelf up to more or less 150 m water depth (Fig. 1) . The thickness of the mud depends on the morphology of the basement transgressed in the course of the early Holocene (Bremner & Figure 1 . Oceanographic setting and area of investigation. The Benguela Coastal Upwelling extends from southern Angola along the west coast of Namibia and South Africa. At its northern and southern ends, the system is bordered by highly dynamic warm water regimes, the Angola-Benguela Front and the Agulhas Retroflection area respectively. The warm and nutrient-poor South Equatorial Counter Current (SECC) flows south-eastward towards the Angola Basin at subsurface depths until it reaches the surface at around 10 S where it continues southward as the Angola Current (Moroshkin et al. 1970) . The equatorward flowing Benguela Current splits into the Benguela Oceanic Current (BOC) and the Benguela Coastal Current (BCC) at about 28 S (Stramma & Peterson 1989) . The BOC flows towards the northwest and is separated from the eastward flowing SECC by a large cyclonic gyre, the Angola Dome. BCC continues its coastal-parallel journey until meeting the Angola Current at the AngolaBenguela Front situated between 14 and 17 S, depending on the season. Cold surface currents are lightly coloured, darker arrows denote warm surface currents (map modified after Holmes et al. 1999) . The small chart zooms in on the area under investigation showing the locations of the three cores investigated herein. The diatomaceous muds are shaded grey. Willis 1993; Vogt 2002; Emeis et al. 2004) . From today's perspective, core 178 is situated in the centre of the Central Namibian Upwelling Cell (extending from 22.7 and 24.5 S; Shannon & Nelson 1996) while NAM1 and core 226620 are situated below its northern fringes. In the shallow coastal waters primary production is particularly high . High biogenic particle flux induces great oxygen demand in subsurface depths and contributes to the oxygen deficiency in bottom waters and sediments (Copenhagen 1953; Bakun & Weeks 2004; Brçchert et al. 2004; Emeis et al. 2004 ). The lack of oxygen prevents bioturbation, often resulting in a continuously laminated sediment sequence.
Sample processing
Syringe samples were taken at 1 cm-intervals from NAM1 (corresponding to an average sampling resolution of 5.5 a) and 5 cm-intervals from core 178 (16.5 a) and 226620 (62.5 a) ( Table 1 ). The sediment was desiccated, homogenised by grinding and split for isotope and alkenone measurements. After that, the cores were cut into slices, out of which the foraminiferal tests (Orbulina universa d 'Orbigny, 1839) were picked. The carbonate shells are used for d 18 O-temperature reconstructions and 14 C-dating. Table 1 provides details about the pre-analysis processing and a compilation of the parameters.
Isotopic measurements
Sediments
As to core 178 and 226620, d
13 C org and d 15 N were determined on acidified plus rinsed material. With NAM1 the isotopic measurements are based on in-situ acidified sediment instead (published in Struck et al. 2002) . The same applies to the analysis of TOC. Details about pre-analysis sample preparation (such as acidification plus rinsing and in-situ acidification) and implications for d 15 N are given in . Isotope abundance ratios are reported in the conventional d-notation in per mil (‰) with respect to atmospheric N 2 (AIR; concerning d 15 N) and the VPDB-standard (concerning d 13 C org ). Analytical precision was AE 0.2 ‰, respectively (1s standard deviation). The reproducibility of [TOC] (in wt%) is AE 3 % of the real amount present.
Foraminiferal calcite
The samples contained between 5 and 30 tests of the planktonic, symbiont-bearing foraminifer O. universa. Prior to analysis, the tests were soaked in methyl alcohol and cleansed of contaminants in an ultrasonic bath. Excess alcohol was removed with a pipette. The volatile residual was allowed to evaporate in the heating oven at 40 C. During measurement, the carbonate dissolves in orthophosphoric acid at constant 72 C. The d
18
O-values in the calcite (d
O calcite ) are related to the VPDB-standard (reported in ‰). Reproducibility of replicates was generally below AE 0.1 ‰, which corresponds to AE 0.5 C.
Carbon isotopes in foraminiferal calcite are much more susceptible to disequilibrium effects than oxygen isotopes. So-called "vital effects", processes such as foraminiferal metabolism and photosynthetic activity of symbionts are capable of changing the isotopic composition of the CO 2 available for calcification (Spero & Deniro 1987; Wefer & Berger 1991; Mulitza et al. 1999) . We decided therefore to do without the d
13
C calcite -signals as they provide rather unclear insights in the nutrient regime, only.
Temperature reconstruction
The d
18
O calcite -signals are a function of the temperature and oxygen isotope composition of the water (d w ) during shell accretion . According to the global ocean isotope curve of Fairbanks (1989) , variations in d w are negligible for the period of investigation. During the last 5000 years the decline in d w due to meltwater discharge was actually lower than the precision of the method. This is why isotopic fluctuations are interpreted solely in terms of fluctuating water temperature. Disequilibrium effects (offset between the d 18 O calcite -value Table 1 . General core characteristics (a), details about sample preparation and listing of parameters (b). Source studies of previously published data are mentioned. For information about pre-analysis sample preparation methods see and the isotopic signature of calcite formed in thermodynamic equilibrium) are likewise negligible . The palaeo-temperature equation applied describes low-light conditions where symbiont activity is moderate (Bemis et al. 1998) .
(d w is corrected by --0.22 ‰ in order to adjust the oxygen isotope values in H 2 O (measured in VSMOW) to the VPDB-scale (Erez & Luz 1983) ).
O. universa is a tropical to subpolar species. Generally, planktonic foraminifera do rarely have a preferred depth habitat but adapt to the respective hydrological conditions (Ravelo & Fairbanks 1992; Hemleben & Bijma 1994; Tedesco et al. 2007 ).
To our knowledge there are yet no details about O. universa population dynamics in the Benguela Upwelling. Despite its algal symbionts, it is not necessarily bound to the photic zone. By and large, O. universa is considered an intermediate dweller. Its depth habitat extends from subthermocline depth into the mixed layer, varying with season, ontogeny, lunar cyclicity, availability of nutrients, etc. (Murray 1991; Hemleben & Bijma 1994; Tedesco et al. 2007 ). These changes in calcification depth are considered the reason for the typical fuzziness of the T d18O -signal.
Note that a sediment assemblage represents an integration of species growing at different seasons and depths. We anticipate that the range of d
18 O calcite -signals of the assemblage approximates the total temperature range through the depth habitat. Tedesco et al. (2007) 
Sea surface temperature (SST)
Sea surface temperatures (SST) are determined by means of alkenone UK'37-records in phytoplankton dwelling in the uppermost surface layers up to 2 m water depth. The analytical error estimated for the method is < 0.4 C in repeated determinations of individual samples (Emeis et al. 2009 ). The method is described in detail by Blanz et al. (2005) . Photosynthetic activity (i.e. alkenone production) is controlled by insolation and nutrient supply. Both are not constant throughout the year. Equatorward of the two tropics, insolation reaches its maximum twice a year (Lorenz et al. 2006) . Upwelling (and thus nutrient supply) is most intense from winter to early spring (September to November) in the northern Benguela (Hart & Currie 1960; Stander 1964; Nelson & Hutchings 1983; Shannon 1985; Lutjeharms & Meeuwis 1987) . Despite the seasonality of insolation and nutrient supply, sediment trap studies above Walvis Ridge have shown that alkenone records approximate the mean annual temperature signal (Kirst et al. 1999 and references therein) (NB: This is different from high latitudes where alkenone-derived SSTs clearly reflect summer temperatures (Lorenz et al. 2006) ). Holocene orbital forcing and associated changes in the seasonal cycle of solar irradiance (Lorenz et al. 2006) are not expected, therefore, to create a seasonal fingerprint in the alkenone data.
Age determination
Age determinations were made on calcite from snails, shells and foraminiferal tests (O. universa), fish bone material or acid residual (Table 2; Fig. 2 ). The conversion of conventional radiocarbon ages ( 14 C-ages) into calendar years (BP; before present) was done by means of the calibration program CALIB 5.0 by Stuiver et al. (2005) . Marine 14 C-ages generally appear several hundred years older than their terrestrial counterparts. The Marine04 curve accommodates this age difference and includes a mean global ocean reservoir correction of 400 years. Usually, however, the correction varies slightly with location. DR takes account of the region-specific offset from the global reservoir correction (Stuiver & Braziunas 1993; Stuiver et al. 2005 ). To our knowledge, no DR-values for the Benguela Upwelling have yet been published, hence the lacking consideration of a potential offset in our calculations (DR ¼ 0).
Since upwelling typically introduces "old", viz.
14 C-deficient waters to the surface ocean, the ages might be slightly overestimated (Kim et al. 2002) . As the core top of NAM1 was dated by means of the 210 Pb-method, we were able to evaluate the potential bias. This is because the risk of overestimation is eliminated with 210 Pb-dating (Christiansen & Kunzendorf 1998) . Given the reasonable age difference between the upper two age control points, the overestimation is considered negligible.
Note that most age determinations of core 226620 and NAM1 have already previously been published (Struck et al. 2002; Kristen 2003; Emeis et al. 2009 ). However, as uniform programme settings highly improve the temporal comparability of the cores, we decided to do our own conversion of 14 C-ages into calendar years (Table 2 ). This is why the calendar years shown here deviate slightly from the ones already published.
Results and discussion
Applicability of the proxy records
Before going into the interpretation we look at the applicability of the proxies in use (see Table 3 ), paying particular attention to the characteristics and features that are specific to the coastal upwelling environment. Table 2 ). Corresponding sedimentation rates (SRs) are shown below. Core 178 exhibits the most constant SRs. In core 226620 the SRs and, as a consequence, the temporal resolution, are lowest. At the same time, however, it covers the largest time span. Note that NAM1 and core 178 are exclusively post-transgressive.
Temperature records (SST, T d18O , DT) From today's perspective, core 178 lies in the centre of upwelling where modern SSTs are lowest. NAM1 and core 226620 are situated below the northern fringes of the cell where modern SSTs are slightly higher. For the time frame overlapping (3036 to 1757 BP; Table 1) median SST recorded by the cores agree with today's conditions concerning both the N-S-gradient and absolute values (NAM1: 16.0 C; core 226620: 15.1 C; core 178: 15.0 C) (see ). CTD-measurements on the central Namibian inner shelf have shown that water column stratification is poor. The seasonal thermocline situated between 10 and 20 m depth is weak and even though measurements were taken off the main upwelling season, the tempera- Table 2 . Age conversion via CALIB 5.0 (Stuiver et al. 2005) , applying the calibration dataset Marine04. Programme settings: DR ¼ 0; lab error ¼ 1; age span ¼ 0; lab error treated as multiplier. All BP-ages refer to AD 1950.
14 C-ages of acid residual (see * ) required a correction of þ152 years prior to their transformation into calendar years (Kristen 2003) . The core top of 226620 (core depth ¼ 0 cm) was dated by means of the associated MUC (Emeis et al. 2009 ). The uppermost age determination of NAM1 (core depth ¼ 7.5 cm) is based on Pb-dating and derives from the associated MUC 226870 (Kristen 2003 ture offsets between surface and bottom waters rarely exceed 2 C . Reconstructed temperature offsets much higher than that (DT up to 8 C; Fig. 3C ), as recorded by the difference between SST and T d18O , suggest the semi-allochthonous nature of the foraminiferal tests. It is plausible to anticipate that the foraminifers are advected from the middle and outer shelf areas where subsurface temperatures between 10 and 12 C (corresponding to the main temperature range T d18O straddles in between) are common. The lateral transport of the species further adds to the fuzziness of the T d18O -record. As T d18O may not be purely in-situ in nature, DT does not exactly monitor vertical but rather diagonal temperature gradients.
Leaving aside such biases, increasing or decreasing T d18O -values are ascribed to deeper or shallower penetration of wind-and wave-induced mixing and a corresponding weakening or strengthening of the thermocline. Moreover, the interpretation of T d18O needs to take account of possible variations in the temperature of the source water. Obviously, variations in the temperature of the source water also imprint themselves on SST. As a consequence, SST-changes cannot be simply ascribed to variably intense upwelling of cold subsurface waters. As we will see, it is sometimes not easy to clearly differentiate between upwelling-related or source water-related SST-changes.
Although being valid with reservation only, DT gives an immediate idea of how well the upper water column is mixed. Declining DT based on rising T d18O , suggests a deeper penetration of wind-and wave-induced mixing. By contrast, declining DT based on falling SST, rather suggests intensified upwelling. Slackened upwelling manifests itself in rising SSTs, instead. As the winds weaken, the water column stratifies and the surface layer responds more sensitively to insolation.
Accumulation and sedimentation rates (AR, SR)
Average [TOC] amounts to 4 wt% in core 226620 and 7 wt% in NAM1 and core 178. This roughly corresponds to the mean organic carbon content typically found in sediments below coastal upwelling regions (Berger & Wefer 2002 ).
[TOC] tends to be diluted by varying amounts of other constituents like carbonate, siliceous matter, etc. By considering accumulation rates (AR TOC ) such biases are circumvented.
Variations in AR TOC reflect changes in biological production and provide, therefore, indirect information about nutrient supply, upwelling and the local wind conditions. In core 178, AR TOC appears to work particularly well as such proxy indicator: Elevated AR TOC generally comes along with intensified mixing (DT low) and correspondingly sound nutrient supply (around 2900 and 2200 BP; Fig. 3C ). In contrast, low AR TOC coincides with a short-term increase in DT (approx. 2600 BP).
Note, however, that sedimentary archives tend to exaggerate variations in organic matter (OM) (Berger & Wefer 2002) : High flux promotes the preservation of organic material due to rapid burial and the lack of oxygen (Libes & Deuser 1988; Montoya 1994; Ostrom et al. 1997; Sachs & Repeta 1999; Holmes et al. 2002) . During periods of low flux, ventilation improves and a much smaller proportion of OM escapes degradation. NAM1 documents these mechanisms perfectly well: As shown by the simplified sketch in Figure 3A , high ARs are generally accompanied by a densely laminated sediment sequence. The apparent absence of bioturbating organisms suggests scarce amounts of bottom oxygen. By contrast, at low ARs laminae are usually rare or completely lacking.
Note that the rapid alternations of production rates are due to the fact that age determinations are preferentially conducted at the bottom and top of a laminated sequence.
The sedimentation rates of core 226620 are consistent with the mean SR of the diatomaceous muds, which is estimated at 1 mm/a (Bremner & Willis 1993) . SR and AR in NAM1 and core 178 are manifold higher (Fig. 3) . It seems as though NAM1 and core 178 originate from some natural sediment trap, i.e. a morphological depression such as a submarine canyon for instance, where sediments are protected against erosion and accumulation rates greatly enhanced for gravitational reasons. This circumstance poses no problem as our interpretation is not concerned about absolute values but relative fluctuations instead.
Above all this, however, the usefulness of ARs as a meaningful proxy strongly depends on regular age determinations. The longer the time interval between two age control points, the bigger the risk that fluctuations are obliterated and smoothed out. Unfortunately, this applies to the upper half of core 226620 (3311 to 860 BP) were age control points are scarce and ARs and SRs, by inference, poorly significant.
The combined study of d 15 N and d
13
C org is a valuable tool in the reconstruction of past nutrient regimes. The assimilation of NO 3 À and CO 2 by phytoplankton is accompanied by isotope fractionation, with 15 N and 13 C being preferentially left behind (only as long as nutrients are abundant though). The remaining nutrient pool becomes progressively "heavier" and with it the phytoplankton that grows within that pool (e.g. Wada & Hattori 1978; Wada 1980; Montoya 1994; Ostrom et al. 1997; Waser et al. 1998) .
Fluctuations in d 15 N and d 13 C org can be related to varying degrees of relative nutrient consumption ("relative" refers to the initial amount present) (e.g. Francois et al. 1992; Altabet & Francois 1994; Montoya & McCarthy 1995; Voss et al. 1996; Ostrom et al. 1997; Holmes et al. 2002) . Relative consumption changes along with biological production and/or the nutrient supply. The nutrient supply, in turn, not only depends Table 1 . Significant co-variations of the proxies are marked. Please note that it is only for SR, AR bulk and AR TOC that the scales differ. The simplified lamination of NAM1 is based on an X-Ray (modified after Struck et al. 2002) . No X-rays are available for core 178 and 226620. DT-records are based on the offsets between SST and T d18O . The interpolation of the SST-and T d18O -data was computed by the akima method with 5 years-intervals. DT-records older than 4100 BP in (B) (dashed line) are regarded poorly significant because of lacking T d18O -data compared to SST-records. The pronounced decline in T d18O (dashed line) at the top of core 178 (C) should not be overinterpreted due to the possibly allochthonous nature of the T d18O -signals (see text).
museum-fossilrecord.wiley-vch.de on the intensity of upwelling and mixing of the upper water column, but also depends on the type of source water.
C org -core signals reach up to À18 ‰, dropping only rarely below À21 ‰. According to Rau (1994) , values that high are usually associated with SST above 25 C (NB: The higher the temperature, the less CO 2 dissolves in the water, at the same time driving aqueous d 13 C CO2 -and, as a consequence, d
C org -signals towards higher values). The significant 13 Cenrichment of the diatomaceous muds at surface ocean temperatures of AE 16 C results from high primary production and high relative consumption.
Average d (Cline & Kaplan 1975; Montoya 1994; Holmes et al. 1996) . Denitrification sets in as soon as oxygen drops below 0.2 ml/l (Bubnov 1972; Knowles 1982; Packard et al. 1983 ). In the modern central Namibian shelf environment, bottom O 2 is frequently below detection level and denitrification strongly influences the d 15 N-signal of the primary product Lavik et al. 2009; .
The oxygen deficiency itself results from a combination of several factors: The varying poleward advection of hypoxic SACW plays a major role in the oxygen dynamics of the shelf (Chapman & Shannon 1987; Shannon & Nelson 1996; Mohrholz et al. 2008) . High primary production and vertical flux enhance the local oxygen consumption due to respiration and often contribute to deteriorated O 2 -supply in subsurface depths (Libes & Deuser 1988; Tyrrell & Lucas 2002; GayeHaake et al. 2005) . Nowadays, the subsurface transport of oxygen-rich ESACW from the shelf edge onto the shelf seasonally balances the oxygen consumption below the surface mixed layer (Mohrholz et al. 2008 ). However, the more time it takes for the Ekman compensation current to travel up the shelf, the more organic matter decay it is supporting on its way and the greater the O 2 -consumption due to respiration. During periods of slackened upwelling, the cross-shelf conveyor system slows down and the Ekman-induced O 2 -replenishment is less effective.
Diagenesis often limits the use of d
15
N as a palaeoproxy. However, recent investigations have shown that pre-analysis acidification plus rinsing is capable of eliminating decomposition-derived influences in the diatomaceous muds . As regards core 226620 and 178, we therefore expect related d 15 N-shifts to be erased. This does not apply to NAM1 where measurements are based on in-situ acidified sediment instead (published in Struck et al. 2002;  Table 1 ). Although the lack of oxygen in the shallow coastal waters promotes the preservation of the original signal , the potential influence of OM decomposition has to be kept in mind with the d 15 N-signals in NAM1 .
This restriction aside, d 15 N-signals are predominantly to be interpreted in terms of relative nutrient consumption, denitrification or a combination of both. Declining d 15 N-values, for instance, do not necessarily result from reduced relative consumption but could equally be due to less denitrification in the bottom waters travelling up the shelf (NB: Anammox (anaerobic ammonium oxidation by nitrate and/or nitrite to yield N 2 ) is an additional process strongly interfering with the nitrogen cycle above the central Nambian shelf (Kuypers et al. 2005) . As far as we know, however, no study has yet examined whether or not annamox is associated with nitrogen isotope fractionation. It cannot be ruled out that anammox also impinges on the nutrient's d 15 N-signature).
This allochthonous influence on d Note that OM is primarily of marine origin. Neither is there a major river draining into the ocean nor can terrestrial material introduced by winds as dust exert enough influence to outweigh the excess of phytoplankton biomass and bias the isotopic signal (Holmes et al. 1998; Tyrrell & Lucas 2002) . Molar C org /N ratios of suspended particulate matter confirm the primarily marine nature of the material .
Note that most trends and peaks discussed below significantly exceed the precision of the methods. Still, there are some fluctuations that deserve a mention notwithstanding being only subtle and smaller than the precision. This is when co-variations amongst the proxies substantiate the credibility and significance of the fluctuation.
Climatic reconstructions
This section relates exclusively to own data, describing and discussing co-variances between the proxy indicators and between the cores. The interpretation is rather "local-minded" and it is only in the following section that the core data are compared to other palaeo-archives and placed in a regional and global context.
With core 226620, our data set in around 5600 BP (Fig. 3B) . This is about 1000 years before the sea level rise has come to an end and the modern shelf circulation pattern is established (Emeis et al. 2009 ). The sedi-mentation is characterised by a sand-sized quartz minerals with various shell remains imbedded. This and concomitantly high SSTs (> 19 C) fit the proximity to the shore at that time.
The beginning sedimentation of silt and muds around 5200 BP testifies to the flooding of the shelf and the resultant shift from proximal to distal depositional settings. The simultaneous drop in SST by almost 5 C suggests an increasing influence of cold, upwelled waters. At first, d
C org and d
15 N respond with a sudden rise and drop respectively (Fig. 3B) . Their opposite development results from the different availability of CO 2 and NO 3 À (Ostrom & Macko 1991) . Contrary to CO 2 , NO 3 À is often in limited supply. With the onset of upwelling, however, the photic zone experiences an instant and hitherto unknown abundance of nitrate. Relative consumption declines driving the system towards lower d 15 N-signatures in the nitrate pool and primary product (Ostrom & Macko 1991; Altabet & Francois 1994; Holmes et al. 1996 Holmes et al. , 1999 . As primary production flourishes, CO 2 -utilisation and d
13
C org rise in tandem (Hollander & McKenzie 1991; Schelske & Hodell 1991; Rau 1994; Fry 1996) . 5100 BP the trends are being reversed (Fig. 3B , dotted line). The decline in d N has attained AE 7.5 ‰, which approximates today's level at that site ). The concomitant decline in ARs and SRs should not be mistaken as slackened productivity. It rather reflects the shift and transition from littoral to subtidal facies characteristics as the site moves offshore.
From 3600 BP on, core 226620 is complemented by core 178 (Fig. 3C) . Its higher resolution provides insight in decadal-scale variability. Between 3600 and 3400 BP, core 178 records an opposite development of d The sudden collapse of d
C org at 3400 BP is accompanied by a slight increase in SST (Fig. 3C , dotted line) while d 15 N continuous its previously initiated decline. CO 2 -consumption seems to drop as a response to slackened upwelling and scarce nutrient supply. The lacking reaction of d 15 N is somewhat intriguing. Despite their different temporal resolution, the temperature records of core 226620 and 178 bear marked resemblances. On close examination, it is found that T d18O performs a slight but simultaneous jump (AE1 C) at approx. 3200 BP in both cores. Before and after, T d18O oscillates around constant values (indicated by the vertical lines in Figures 3B and 3C ). In the meanwhile, SST decreases more or less gradually in both cores. By 2800 BP, DT has fallen to 2 C. According to core 178, primary production seems to benefit from increased nutrient supplies (Fig. 3C ): AR TOC increases (note the concomitant peak in NAM1; Fig. 3A N-trend suggest intermittently reduced O 2 -consumption in the source waters and may indicate varying fractions of hypoxic SACW and well-oxygenated ESACW. Variation in the composition of the source waters and associated alternating oxygenation stages is a seasonal phenomenon, which, however, may also act on larger time scales. Interestingly, the highestamplitude variability coincides with the shift towards warmer T d18O around 3200 BP.
The period around 2700 BP (slight age discrepancies are ascribed to dating uncertainties) marks significant and area-wide perturbations. All three cores register rising DT (Fig. 3, grey bars) . Considering the proxy indicators as a whole, core 178 (Fig. 3C) provides the most conclusive insight. The divergence of SST and T d18O (see dotted line) suggests increased water column stratification. Rising SSTs imply slackened upwelling and a more sensitive response to insolation while falling T d18O suggest a shallower penetration of wind-induced mixing. A potential cause might be a shift of the cyclonic wind stress and upwelling. The adverse effect on the replenishment with nutrients manifests itself in collapsing growth rates (see also NAM1; Fig. 3A ). Diminished CO 2 -consumption, as evidenced by concomitantly falling d Stratified conditions and reduced primary production persist for a couple of centuries ($ 2700 to 2500 BP). This fact notwithstanding, d
15
N-values rise again almost immediately after their pronounced drop around 2700 BP (Fig. 3C) , suggesting that denitrification again dominates the signal. ARs remain low (Fig. 3C) , implying that the lack of oxygen is hardly due to enhanced in-situ respiration. Slackened upwelling -as proposed before -and a slowdown of the coastal conveyor system offer a likely explanation. The more time it takes for the bottom water to travel up the shelf, the greater the O 2 -consumption and the bigger the shift towards higher d 15 N nitrate -signals. Around 2500 BP DT drops due to increasing T d18O (Fig. 3C) . Note that the warming of the source waters does not imprint itself back on SST. SST remains constant, which makes only sense if upwelling intensifies at the same time. An intensification of upwelling might account for the concomitantly increasing primary production and declining d 15 N-values (Fig. 3C, dotted lines) .
The faster the cross-shelf conveyor, the less the time for denitrification to take effect. The decline in ARs after 2200 BP in core 178 (Fig. 3C) Figs 3A, C) . Like today, NAM1 seemingly lay outside the high-productivity area, thus receiving attenuated signals only. This is further substantiated by the higher SSTs (AE 16 C) compared to both other cores (AE 15 C) around that time. 2200 BP core 226620 experiences a pronounced warming (Fig. 3B) in the course of which SST attains values similar to those recorded by NAM1. A possible explanation might be that upwelling has shifted further south. Core 178 is also affected. Unfortunately, the extent of the warming at site 178 remains in the dark as the record ends around 1800 BP already (Fig. 3C) . The slightly latter onset compared to core 226620 might either be real (relating to the southward shift of upwelling) or result from interpolation uncertainties. Anyway, NAM1 and later also core 226620 seem to have been beyond the direct influence of upwelling for nearly two millennia. Throughout the second and third millennium, productivity was scarce with mean SR amounting to 0.5 mm/a only ( Figs 3A-B) ; this is merely half of the average SR reported for the diatomaceous muds (Bremner & Willis 1993). Actually, the scenario resembles modern conditions according to which NAM1 and core 226620 are situated slightly north of the principal centre of upwelling.
In core 178 the rise in SST from 2000 BP on is accompanied by a sharp decline in subsurface temperatures. Within two centuries, T d18O drops from 12 to nearly 3 C (Fig. 3C ). No such trend is recorded by core 226620 and as regards NAM1 the samples covering 2150 to 1700 BP are unfortunately lost. The other proxies hold no further clues to the nature of the event either. The possibility that the foraminiferal tests are advected from colder subsurface waters further offshore cannot be excluded.
The reconstruction of the last millennium is exclusively based on NAM1 (Fig. 4) . Its high-resolution data set is certainly special, although often not easy to interpret. The biggest surprise was the parallel up and down of temperature and productivity. According to theory, temperature and productivity are inversely correlated as intensified (or slackened) upwelling usually brings about high (or low) nutrient supplies and low (or high) SSTs (e.g. Holmes et al. 1999) . In fact, Quaternary-age sediment cores from the continental slope off Walvis Bay display a close negative correlation between AR TOC and SST (Summerhayes et al. 1995; Kirst et al. 1999 ).
On the shelf, different mechanisms seem to operate. Figure 4 zooms in on the last 1400 years and shows that the relationship between AR TOC and SST is precisely opposite. Still, the marked co-variations amongst both proxy indicators definitively substantiate the credibility of the data.
The markedly high ARs between 1250 and 1000 BP are presumably due in part to improved preservation; oxygen seems to be lacking at the site of deposition, as inferred from the dense laminae. The simultaneous trend towards lower d 15 N-signatures indicates that primary production benefits from increased nutrient supply. Compared to d 13 C org , however, the fluctuation is comparably small and should not be overinterpreted.
In fact, the d
13
C org -record deserves particular attention as it is in conflict with our hitherto applied way of interpretation. Different from NO 3 À , CO 2 is usually abundant which is why increasing photosynthetic rates and CO 2 -consumption are normally accompanied by rising d 13 C org -signatures. The fact that d
C org drops to values as low as --22 ‰ during times of enhanced biological production suggests an unusually high surplus of isotopically light CO 2 . What are the reasons for this exceptionally high CO 2 -supply? "Nutrient trapping" associated with continuous remineralisation reactions as the subsurface waters travel up the shelf, might partly account for this surplus (note that "nutrient trapping" does not necessarily hold to the same extent for nitrate as for dissolved inorganic carbon). Where denitrification inhibits the parallel "supercharge" with NO 3 À , the source waters exhibit continuously rising CO 2 /NO 3 À ratios (Tyrrell & Lucas 2002) .
The grey band in Figure 4 marks a significant change in the properties of the system. Within only one century, the surface ocean cools by 1.5 C. On closer examination SST appears tied to the developing of T d18O . The cooling is accompanied by collapsing ARs. As SST drops, d 13 C org at first continues its steep decline but then suddenly jumps by nearly 4 ‰ back to former levels. The leap of d 13 C org as ARs collapse is as unusual as the above outlined decline at rising ARs. Again it shows that our hitherto applied line of reasoning does not bear the circumstances.
The abruptness of events shows that the properties of the system are able to flip in an instant. On the basis of the available evidence it seems like temperature and nutrient content of the source water are liable to pronounced changes through time. Contemporaneously high temperature and ARs in combination with relatively low d 13 C org ("relatively" because d
C org -signal are still comparably 13 C-enriched) around 1200 BP are best explained by the presence of "warm" and nutrientrich source waters (with "nutrient trapping" potentially contributing to the surplus in CO 2 ). The subsequent collapse in AR and SST accompanied by the leap in d 13 C org altogether suggests reduced influence of this warm and nutrient-rich water mass.
The presence of warm and nutrient-rich source water including its potential to imprint itself back on SST offers a reasonable explanation for the direct (instead of inverse) correlation between SST and AR TOC . Further notions concerning this water mass are addressed when it comes to external forcing and inter-hemispheric climate teleconnections.
Between 1050 and 900 BP, T d18O -data are too scarce to be reasonably interpreted (Fig. 4) . The image gets clearer after 900 BP; then T d18O starts a steep decline and apparently imprints itself back on SST. Low primary production might again be due to reduced inflow of warm and nutrient-rich source water. Apart from that, high OM-decomposition (as inferred from the absence of laminae) may have contributed to the low ARs.
The dotted line at 650 BP marks a pronounced jump in T d18O (Fig. 4) . At the same time SSTs remain more or less constant. Enhanced wind-induced mixing immediately comes to mind, although this scenario provides no adequate explanation for the contemporaneous increase in d 15 N. The simultaneous jump in T d18O and d 15 N is hardly coincident and suggests the introduction of warmer and more denitrified source waters. Their high nutrient content manifests itself in rising productivity, i.e. ARs; the small temporal offset is attributed to the "later" position of the age control point. The fact that SSTs remain constant while source waters are getting warmer testifies to a contemporaneous intensification of upwelling, which further contributes to the sound nutrient supply.
The nutrient surplus seems to outweigh the denitrification-induced shift towards higher d C org suggests comparably low primary production rates, which might result from enhanced denitrification and corresponding nitrate deficits (Cline & Kaplan 1975; Montoya 1994; Tyrrell & Lucas 2002 ).
The northern Benguela in the context of Holocene climate variability
In this section we attempt to place our observations in the context of Holocene climate variability. In order to differentiate between local perturbations, regional-or global-scale events, we examine our findings alongside existing palaeo-climatic records.
The global propagation of climate signals
First of all, however, we shortly present the potential pathways of global climate signals and how they may impact on the northern Benguela system. In fact, the role of the ocean and atmosphere as transmission agents is highly debated (e.g. Vidal et al. 1999) . It is pre-empted that climate signals seem to reach the northern Benguela both through the ocean, i.e. the thermohaline circulation system, and the atmosphere. For a better comprehension of the following please consult Figure 5 . Fig. 3 ), zoomed in on the last 1400 years for the sake of higher resolution. Note the parallel developing of the temperature and ARs.
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Pathway ocean
Countless studies provide convincing evidence of a link between the intensity of thermohaline circulation and Holocene climate variability (e.g. Bianchi & McCave 1999 and references therein; Marshall et al. 2001) . As regards the Benguela region, the role of the ocean in the transfer of climate signals is controversially discussed. To our knowledge, there are two contrasting theories circulating on that issue: Gordon (1986) suggests a link between North Atlantic Deep Water (NADW) production and the amount of warm, intermediate Indian Ocean Water introduced into the Benguela region. The stronger or weaker the global thermohaline overturn, the stronger or weaker the Agulhas Current gets and with it the heat transfer around the southern Cape (Fig. 1) . Following this assumption, the cooling of the southern Benguela during the Younger Dryas and oxygen isotope stages 2-4 has been ascribed to slackened thermohaline overturn and a correspondingly reduced input of warm Agulhas Water (Cohen et al. 1992; Summerhayes et al. 1995) .
Only strong Agulhas-signals are expected to weather the 1500 km long equatorward journey to the northern Benguela without being wiped out on the way. In order to assess the influence of thermohaline circulation on the temperature of central Namibian source waters (recorded by T d18O ), we compare fluctuations in NADWproduction (Bianchi & McCave 1999) , with the T d18O -record. As shown below, there are indeed a number of T d18O -fluctuations that are significantly correlated with NADW-production.
Contrary to our findings, sedimentary records from the continental slope off Namibia register temperature trends opposite to the ones in high northern latitudes. Kim et al. (2002) and Vidal et al. (1999) report rising temperatures during 'Heinrich Event 1', a period when the North Atlantic experienced prominent cooling ($15000 BP). This inter-hemispheric asynchrony is attributed to decreased (or increased) heat transport from the South into the North Atlantic when the conveyor slows down (or accelerates) (Stuiver et al. 1995; Rçhle-mann et al. 1999; Kim et al. 2002) . The anti-phase developing of isotope records from both polar ice sheets is the most prominent supporting evidence for the inter-hemispheric "seesaw" pattern (Blunier et al. 1998) . Our data bear hardly any witness to such asynchrony. It seems like varying fractions of Agulhas Water in ESACW are the single most important factor on the shelf. It could be argued that beyond the shelf, its influence is overcompensated by cross-equatorial heat transfer.
Pathway atmosphere
At present the southern hemisphere, in comparison to the northern, is much cooler and its temperature gradient between high and low latitudes much bigger. This is predominantly due to the fact that the Antarctic continent is much colder than the Arctic Ocean. Owing to the steeper temperature gradient, atmospheric circulation is more vigorous in the southern hemisphere (Nicholson & Flohn 1980) . When the high northern latitudes cool (as a result of decreased NADW-production for instance), the thermal contrast between both hemispheres is minimised. This results in an equatorward displacement of the ITCZ (Nicholson & Flohn 1980) , which further increases the southern hemisphere's temperature gradient (Tyson 1999) leading to an acceleration of the South Atlantic anticyclone in tandem with a strengthening of the eastern trade wind system (Rçhlemann et al. 1999; Berger & Wefer 2002) . Enhanced zonal circulation brings about upwelling-related cooling in eastern boundary current regions (e.g. Hsieh & Boer 1992; Kim et al. 2002) . Indeed, northern Benguela SSTs were lower during glacial than interglacial stages (Kirst et al. 1999 ). SST-records from the eastern Walvis Ridge and the upper continental slope off Walvis Bay also support the notion that upwelling was generally more intense during glacials (Oberhånsli 1991; Summerhayes et al. 1995) . Cohen & Tyson (1995) propose a valuable model, which predicts the response of coastal SSTs around South Africa to the displacement and intensification of the atmospheric circulation features associated with extended, i.e. decadal-to centennial-scale, wet and dry Figure 5 . Simplified scheme showing the connection between atmospheric and oceanic forcing (above) and possible implications for surface (SST) and subsurface temperatures (T d18O ) in the Benguela region (below). High NADW-production rates bring about warmer conditions in high northern latitudes (e.g. Bianchi & McCave 1999) . The meridional temperature gradient consequently declines and atmospheric circulation weakens; upwelling slackens and SSTs rise. The simultaneous increase in T d18O is due to the enhanced inflow of warm Agulhas Water as the ocean conveyor accelerates. The opposite holds true during times of reduced NADW-production. Note, however, that windand wave-induced mixing may attenuate the development of T d18O (dashed line).
periods over the South African subcontinent (see also Cockcroft et al. 1987; Tyson 1999) . Rainfall is generally derived from moisture transport in the tropical easterlies. The stronger the winds, the wetter the subcontinent becomes (Tyson & Lindesay 1992) . In more detail, over the continental interior -referred to as the 'summer rainfall region' -rainfall increases. Over the 'winter rainfall region', the southwestern part of South Africa, average rainfall declines instead. Still, the net result is an increase in precipitation receipts.
Note that the Namib Desert, notwithstanding lying in the summer rainfall region (Brook et al. 1999) , does not necessarily receive more rainfall at times that the easterlies strengthen. This is because invigorated upwelling and the resultant cooling of coastal SSTs have a countervailing effect on the moisture availability along the west coast. Cold SSTs lower the evaporation and stabilise offshore high-pressure centres, which hamper moist marine air from entering the adjacent land (Berger & Wefer 2002) . As a consequence, imprints of climatic fluctuations in Namib-based records might often be rather ambiguous and less clear than in the betterwatered parts of the summer rainfall zone to the east.
Taken together, SST and continental rainfall records are potentially able to provide significant information about surface wind conditions and large-scale atmospheric circulation pattern. The conceptual model by Cohen & Tyson (1995) posits that anomalously cool SST are likely to have been associated with invigorated tropical easterlies, increased rainfall in the summer rainfall region, drier conditions in the winter rainfall region as well as distinct droughts in the Namib Desert (hereafter referred to as the 'wet-spell mode'). Overall, the precipitation receipts of South Africa increase and average continental temperatures rise (note the opposite trend of SST and terrestrial temperatures). In contrast, increasing SSTs, decreasing mean continental temperatures, reversed precipitation pattern including slightly more rainfall over the Namib are associated with the 'dry-spell mode' when winds and upwelling slacken.
For the sake of completeness, it must be mentioned that terrestrial and marine temperature trends do not necessarily take opposite directions. The model represents a generalisation but does not preclude 'wet-spell modes' to be associated with continental cooling and 'dry-spell modes' to bring about higher terrestrial temperatures (Holmgren et al. 2003) .
In order to evaluate the regional significance of northern Benguela SST-changes, we compare our data against records from the adjacent mainland and ocean areas.
Given the potential control of NADW-production on atmospheric forcing (Fig. 5) we also cross-check the northern Benguela SST-record against fluctuations in the conveyor speed. In this regard, we need to add that Figure 5 shows only part of the truth. In reality, the ocean-atmosphere feedback mechanism are much more complex than illustrated. As a matter of fact, the ocean does not only control the atmosphere, it is also the other way round. Unlike the atmosphere, however, the ocean is a fairly inert system. The oceanic transport of climate perturbations not only takes longer, the ocean integrates the high-frequency atmospheric forcing acting on it (Marshall et al. 2001) . So despite the control of NADW-production on atmospheric forcing it is inadequate, therefore, to expect a one-to-one correspondence between NADW-production and the Benguela SST-record. Obvious connections between the conveyor speed and global temperature gradient are anticipated to predominantly appear in the form of major and longterm trends.
Regional-and global-scale events
With the knowledge about how global climate signals may reach the Benguela Upwelling we now compare the core records with already existing palaeo-archives, zooming in on fluctuations in our data that may be linked to larger-scale climatic events.
Multi-decadal to centennial variability
The immediate vicinity of the coast seems not be the only reason for the high SSTs around 5500 BP (Fig. 3B) . In fact, the Holocene Hypsithermal is centred around that time. Records from the South African subcontinent indicate an average temperature increase of 2 C (Cohen & Tyson 1995) . Concomitantly rising surface ocean temperatures have already been reported by Cohen & Tyson (1995) , Shi et al. (2000) and Kim et al. (2002) . Warmer SSTs suggest a weakening of upwelling-favourable winds, which agrees with the dramatic reduction of Namib dust transported into the Benguela and the reduction of rainfall over the South African interior (Cockroft et al. 1987; Cohen & Tyson 1995 and references therein; Brook et al. 1999) . In addition to this, higher SSTs are in accordance with wetter conditions in the coastal area as inferred from pollen records (Shi et al. 2000) .
The drop of T d18O at 4200 BP is markedly equivalent in timing to a slowdown of NADW-production (Fig. 6B) supporting the idea of reduced inflow of warm Agulhas Water as the conveyor decelerates. Apparently, the impulse of conveyor slowdown or acceleration propagates so fast as to provoke a more or less "immediate" interhemispheric response. Similarly, the slight increase in T d18O at 3200 BP might be linked to the short-term acceleration of NADW-formation (Figs 6B-C) and enhanced Agulhas heat input.
The lacking response of T d18O to the subsequent slowdown in ocean conveyor speed (Fig. 6C ) might be due to strengthened winds and enhanced vertical mixing; the presumed capacity of atmospheric forcing to attenuate or even outweigh the remote influence of the global ocean conveyor is illustrated in Figure 5 . In fact, falling SSTs suggest an intensification of upwellingfavourable winds and fit the invigorated atmospheric circulation and rising meridional temperature gradient associated with the global glacier expansion, occurring in many parts of the world around that time (Cohen & Tyson 1995 and references therein); more about the 'mid Holocene cooling' in the following section when it comes to millennial-scale trends.
The fact that all three cores register an increase in DT around 2700 BP (Fig. 3) marks a significant change in the hydrology of the shelf environment. The comparison with NADW-production reveals that the findings are not necessarily purely local in character (shift of the cyclonic wind stress) as outlined before. In fact, the slight decline in T d18O at 2700 BP coincides with minimum NADW-production (Fig. 6C ) and may result, therefore, from a diminished fraction of warm Agulhas Water in ESACW. The conveyor slowdown at that time is also emphasised by Oppo et al. (2003) . The subsequent trend towards higher T d18O (shortly interrupted at 2400/2500 BP) might in turn be related to the increasing speed of the global ocean conveyor and a greater fraction of Agulhas Water (Fig. 6C) .
Around 2000 BP, terrestrial and marine records display striking parallels. Oxygen isotope data (d 18 O) of stalagmites from the Cango Cave (transition between summer and winter rainfall region) and the Cold Air Cave (summer rainfall region) in southern and northeastern South Africa (Talma & Vogel 1992; Holmgren et al. 2003) , d
18 O-signals of mollusc shells in the southern Benguela region (Cohen et al. 1992 ) and SST-records of core 226620 and core 178 (Figs 3B-C) all testify to a pronounced event of warming around 2000 BP. This marked concurrence of marine and terrestrial records can hardly be coincident. It appears as if major climatic changes affect the South African region at that time. Interestingly, the warming coincides with the Roman Warm Period, a comparatively short spell of higher temperatures in Europe (Bianchi & McCave 1999) . Rising SST might indicate a stronger response to insolation as the global temperature gradient declines and the winds attenuate. Considering our above reasoning, the coincidence of larger-scale forcing and local perturbation (southward shift of upwelling) cannot be ruled out; again, more in the following section when it comes to millennial trends.
The sharp decline in T d18O after 2000 BP (Fig. 6C ) raises intriguing questions. Although NADW-production declines somewhat between 2100 and 1900 BP, the cooling is certainly too pronounced to be solely attribu- Figure 6 . NADW-production rates along with temperature records from NAM1 (A), core 226620 (B) and core 178 (C). Flow speed fluctuations are inferred from sediment grain-size data from the Iceland Basin (redrawn after Bianchi & McCave 1999) . Bigger grain-size implies faster deep-water masses and increased poleward flux of warm Atlantic waters. Variations in the conveyor speed are believed to influence the introduction of warm Agulhas Water, resulting in a synchronous temperature evolution of the Nordic Seas and the central Namibian source waters (recorded by T d18O ). SST is partly tied to the developing of T d18O . Apart from that, SST directly reacts to changes in the atmospheric circulation, which is, in turn, linked to changes in NADW-formation ( ted to less Agulhas Water. Previous studies already reported colder subsurface temperatures off Walvis Bay, thus offering some support for our data (Tyson & Lindesay 1992 and references therein). According to our above reasoning the extent of the cooling may result from the allochthonous nature of the T d18O -signals. However, a satisfying explanation is admittedly lacking and without additional data the mechanisms remain unclear. Valuable compilations of terrestrial records covering the last two millennia of South African climate including the Medieval Warm Epoch (MWE) and the Little Ice Age (LIA) are found in Tyson & Lindesay (1992) and Holmgren et al. (1999) (note that there are no universally accepted definitions as regards the duration and timing of the LIA and the MWE. Here, we stick to the dates proposed by Tyson & Lindesay (1992) ).
The Medieval Warm Epoch (approx. 1050 to 650 BP) is characterised by approximately four centuries of variable but generally warmer conditions. It is proposed that the state of the atmosphere is analogous to the state associated with the wet-spell mode (Cohen & Tyson 1995; Tyson 1999) . Corroborating evidence from stalagmite-based terrestrial rainfall records is given by Holmgren et al. (1999 Holmgren et al. ( , 2003 . The development of a forest along the Hoanib River in the northern Namib Desert (Vogel & Rust 1990; Tyson & Lindesay 1992) further testifies to increased rainfall receipts in the summer rainfall region. The parallel strengthening of the coastal high-pressure centre is apparently outweighed by the greater moisture availability in the river catchment to the east.
Our data substantiate the wet-mode functioning around that time. The abrupt decline in SST by nearly 2 C at the onset of the MWE (Fig. 4) corroborates the invigoration of upwelling-favourable winds as proposed by the conceptual model outlined above. Its low chronological resolution notwithstanding, SST-data from GeoB1023-5 offshore Cape Frio in the north (Kim et al. 2002 ) record a simultaneous drop in temperature at the beginning of the last millennium. Mayewski et al. (2004) refer to the onset of the MWE as a short-lived RCC (rapid climate change) -event that coincides with the drought-related fall of the Maya civilization and the collapse of Greenland's colonies as the polar region cooled. The influence of varying NADW-production is again well worth considering. Figure 6A highlights the parallel decline in NADW-production and T d18O from 900 to 650 BP, a concurrency that seems too obvious to be ignored.
The Little Ice Age (approx. 650 to 100 BP) is the most extensive cool period since the Younger Dryas (Tyson & Lindesay 1992) . Despite being a phenomenon experienced in many parts of the world, it is not a centennial-long period of continuous cold. The LIA is characterised by considerable variability and instability, including substantial fluctuations in the atmospheric circulation strength. Distinct LIA-signals are not necessarily found and its local expression varies with region.
As regards the southern African continental interior, the Tyson model (Tyson 1986 (Tyson , 1999 ) posits a cool and dry LIA, accompanied by weakened tropical easterlies and slackened upwelling along the southwest African coast (Cohen & Tyson 1995) . Several terrestrial datasets assembled by Tyson & Lindesay (1992) as well as a highresolution stalagmite record from the Cold Air Cave in NE-South Africa (summer rainfall region) confirm these model results (Holmgren et al. 1999 (Holmgren et al. , 2003 .
Other studies draw reverse conclusions instead. Geomorphological, palynological and micromammalian evidence (summarized in Cohen & Tyson 1995) indicate trends towards wetter conditions in the continental interior including intensified eastern trades and coastal upwelling. Corresponding SST-cooling has been found in sediments collected off Walvis Bay (Herbert 1987; Johnson 1988; both from Tyson & Lindesay 1992) , in the southern Benguela (Cohen et al. 1992 ) and on the Agulhas Bank (Cohen & Tyson 1995) .
As regards the early stage of the LIA (650 to 500 BP), our data support the scenario of intensified upwelling, thus corroborating the wet-mode functioning around that time (Fig. 4) . The transition from the MEW to the LIA is considered the globally most distributed RCC of the late Holocene with pronounced and rapid changes in global-scale atmospheric circulation pattern (Mayewski et al. 2004; Maasch et al. 2005) . A LIA-bound strengthening of the atmospheric circulation and resulting intensification of coastal upwelling has also been observed in other parts of the world (Cohen & Tyson 1995) .
Also note the contemporaneous increase in NADWformation and T d18O at 650 BP, i.e. the onset of the LIA (Fig. 6A) , again confirming the influence of the thermohaline overturn on the temperature of the source water.
The marked increase in SST at 500 BP (Fig. 4 ) coincides with period of sudden warming ubiquitously interrupting the LIA in southern Africa (see Tyson & Lindesay 1992 and references therein). Following our above reasoning the pronounced rise results from a short-term weakening of upwelling-favourable winds. By inference, the continental interior should have been drier at these times. However, conclusions reached by terrestrialbased records are contradictory (Cockkroft et al. 1987; Tyson & Lindesay 1992; Cohen & Tyson 1995; Holmgren et al. 1999) . Disparities may be due to differences in the nature and timing of climatic events as well as the varying susceptibility of different environments to climatic fluctuations. Differences in the records' continuity, the large variety of methods applied (Heine 2005) and vast room for interpretation pose further discrepancies. In addition to this, imprecision due to dating is particularly problematic when it comes to comparatively short spells, such as the LIA. More high-resolution data are needed in order to resolve these ambiguities.
The post-LIA SST-rise may be in part linked to the T d18O -increase. The warming of the source water might again result from rising NADW-formation or, more precisely, elevated Agulhas heat transfer (Fig. 6A) . The SST-rise is corroborated by records from several adjacent multicores (MUC) originating from 22 to 24 S (Emeis et al. 2009 ). Slightly further south, towards the Lçderitz Upwelling, SSTs decline instead. It shows that spatial SST-variations on the Namibian shelf were markedly heterogeneous during the last couple of centuries. When it comes to the most recent past, i.e. AD 1850 to present, inhomogeneities in SST further increase (Emeis et al. 2009 ). The findings are ascribed to local perturbations, such as changes in the wind stress curl and accompanied shifts in the position of upwelling. Unfortunately, age determinations of the available MUCs are insufficient to enable any deeper comparison with NAM1.
Irrespective of the sense and magnitude of SSTchanges, all MUCs registered increasing d 15 N-signals in the youngest sediments. This corresponds with our record (Fig. 4) and implies a higher degree of denitrification in the source waters.
The thermohaline overturn and the availability of nutrients
The direct correlation between the temperature records and AR TOC in NAM 1 (Fig. 4) has already been an issue (see above). Apparently, warmer source waters tend to contain higher amounts of nutrients. Taking this observation to its logical conclusion, it follows that NADW-formation not only affects temperature but also controls the amount of nutrients and primary production rates. On closer examination, core 178 lends support to this hypothesis. The rise in T d18O at 3200 BP and from 2400 BP on is accompanied by rising AR TOC and NADW-formation. On the other hand, the sudden cooling at 2700 BP is paralleled by collapsing ARs and minimum NADW-formation ( Figs 3C, 6C ).
The direct relationship between NADW-production and nutrient content has already previously been observed. Hay & Brock (1992) suggest that northern Benguela source waters were less nutrient-rich during stadials, i.e. at times when NADW-production slowed down considerably. Data from the continental slope off southwest Africa further confirms the diminished nutrient supply during stadials (Berger & Wefer 2002) .
The question is, what are the reasons for the decline in both nutrients and temperature as the conveyor decelerates? Much of the nutrients are brought in by the poleward transport of nutrient-rich SACW from the Angola Dome region. ESACW from the Agulhas Retroflection area in the south is the second water mass of interest. If NADW-formation slackens, the conveyor decelerates as a whole. A weakening of all associated currents may induce decreased heat input via the Agulhas Retroflection and reduced nutrient supply from the Angola Dome region (see also Berger & Wefer 2002) . Although being merely speculative at the present stage, this scenario offers a reasonable explanation for the simultaneous decrease of temperature and primary production (Fig. 4) .
Despite diminished nutrient supply, productivity proxies all along the SW-African coast testify to enhanced primary production during glacial times. It is suggested that strongly intensified winds and upwelling compensated for the nutrient deficiency in the upwelled waters (Berger & Wefer 2002 ). This does not apply to the middle and late Holocene when upwelling rarely makes up for the lack of nutrients in the source water. On most occasions it appears as though the availability of nutrients would be primarily controlled by the type of source water rather than by the intensity of upwelling. Still, this certainly not excludes fluctuations in upwelling to either improve or deteriorate the nutrient situation. For instance, slackened upwelling at 2700 BP (as inferred from rising SST; Fig. 3C ) probably further aggravated the nutrient deficiency, while enhanced upwelling after 2400 BP and at 600 BP (as inferred from constant SST at rising T d18O ; Figs 3C, 4) may have contributed to a sound nutrient supply.
Millennial-scale variability
When it comes to millennial scales, orbital forcing is often considered one of the major causes of Holocene climate variance (Tyson 1999; Lorenz et al. 2006) . Over the course of the middle and late Holocene, changes in precession and obliquity induce the continuous displacement of the perihelion towards austral summer. The resultant shift in the seasonal cycle of solar irradiance causes the thermal equator to strengthen (Tyson 1999; Lorenz et al. 2006 ) and the high northern latitudes to cool (Kim & Schneider 2004) . As a consequence, the ITCZ moves southward (Nicholson & Flohn 1980; Tyson 1999) and the trade wind system intensifies. Sediments from the upper continental slope off Walvis Bay (Summerhayes et al. 1995) as well as different sites on the South African continent testify to the southward movement of the ITCZ over the last millennia (Tyson 1999; Scott & Woodborne 2007 and references therein) . The decline in SST between 5000 and 2200 BP recorded by core 226620 (Fig. 6B ) fits the invigoration of the eastern trades also reasonably well.
However, according to Lorenz et al. (2006) orbitallydriven insolation changes exert only a minor influence in the SE-Atlantic realm. They report discrepancies between model simulations and reconstructed SSTs off Namibia concluding that millennial-scale SST-shifts tend to be dominated by processes related to thermohaline and atmospheric forcing.
In fact, an apparent dependence of millennial-scale SST-variance on NADW-production changes can be inferred from Figure 7A . The parallel evolution of SST and NADW-production fits the theory outlined in Figure 5 , substantiating the influence of the thermohaline overturn on atmospheric circulation and the atmospherecontrolled teleconnection between both hemispheres. The decline in SST between 5000 and 2200 BP is re-ferred to as the mid Holocene cooling (Holmgren et al. 2003) and accords with the steepened meridional temperature gradient and strengthening of upwelling-favourable winds as the conveyor decelerates. Further evidence of cooling in the Benguela has been found in GeoB1023-5 retrieved offshore Cape Frio (Kim et al. 2002) , as well as in mollusc shells from the Agulhas Bank (Cohen & Tyson 1995) and the southern Benguela region (Cohen et al. 1992) . By inference, the continental interior should have been wetter at these times but terrestrial rainfall records are again highly contradictory (Brook et al. 1999; Tyson 1999; Holmgren et al. 2003; Scott & Woodborne 2007 and references therein) .
The marked increase in SST at 2200 BP coincides with the Roman Warm Period and is markedly equivalent in timing with a reversal of the conveyor speed (Fig. 7A) . As NADW-production reaccelerates and the high latitudes warm, both winds and upwelling slacken and SST rises (Fig. 5) . Admittedly, if the smoothing curves in Figure 7A were lacking, there would be no immediate visual agreement between both data sets. The observation deserves a mention nonetheless but needs to be verified by additional data.
The concurrences shown in Figure 7B are much clearer. The temperatures in the northern Benguela Upwelling and the Cold Air Cave located in NE-South Africa (Holmgren et al. 2003) follow markedly similar millennial trends. According to Holmgren et al. (2003) the millennial-and centennial-scale variability in the T d18O -data is due to atmospheric circulation changes associated with displacements of southern hemisphere circulation features. In fact, the large distance between both sites suggests perturbations operating on a large spatial scale.
The comparison of SST-trends in the coastal upwelling regions off NW-and SW-Africa (Fig. 8) bears further evidence of large-scale atmospheric forcing. Both GeoB 2007-2 ( Kim et al. 2007 ) and NAM1 exhibit markedly similar SST-variability during the total of the last 1500 years. Here also, the synchrony appears too pronounced to be coincident although the ultimate causes of the parallels are still to be established.
It appears that external climate forcing leaves its marks on a large spectrum of time scales. Contrary to centennial-scale variability, however, we found no correlation between NADW-formation and the quality of the source water (in terms of T d18O or nutrient content) when it comes to millennial scales. On millennial scales we only found some correlation between NADW-production and SST-records (Fig. 7A) and it seems as though climate signals reaching the northern Benguelanonetheless being triggered by changes in NADW-production -are rather transferred by the atmosphere than the ocean. This, however, is still to be substantiated by other data.
The common idea of orbital forcing being the ultimate trigger behind millennial-scale climate variance does not entirely fit the circumstances; although applicable to the decline in SST between 5000 and 2200 BP (see above), it fails to explain the pronounced warming at 2200 BP. Our findings agree with Lorenz et al. (2006) who suggest the overriding influence of oceanic and atmospheric forcing in the SE-Atlantic realm. A. Millennial-scale SST-evolution recorded by core 226620 alongside NADW-production (redrawn after Bianchi & McCave 1999) , both smoothed with a 3 point running mean. The dashed lines show average grain sizes before and after the 2200 BP-event (Roman Warm Period). The millennial view reveals the possibility of upwelling being indirectly controlled by NADW-production. This observation fits the theory illustrated in Figure 5 implying that atmospheric forcing, being triggered by changes in NADW-production, may be capable of producing responses in the Benguela Upwelling; B. Millennial-scale SST-evolution (core 226620) alongside high-resolution speleothem d
18
Orecords from the Cold Air Cave in NE-South Africa (3 point running mean; redrawn after Holmgren et al. 2003) . Note the markedly similar evolution of the marine and terrestrial records.
Outlook and future scenarios
Eastern boundary upwelling regions strongly affect the global carbon cycle and heat balance of the planet and their role in the global climate system should not be underestimated. As regards the Benguela Current and the associated upwelling, the heat transfer into the North Atlantic is of special interest, with the equatorward heat transport being globally unique (Berger et al. 1989; Berger & Wefer 2002) . Not only plays the Benguela an active role in the global climate system, but it is also considered extremely vulnerable to climate change (Shannon & O'Toole 2003) . Potential implications are still highly speculative though.
Recent monitoring programs have shown that North Atlantic SSTs have increased in the course of the last decades (Marshall et al. 2001 and references therein; Schubert et al. 2006) . Still, in the long run and with continued climate warming, most projections anticipate severe and rapid cooling in the high northern latitudes. Although such changes do not seem to be imminent, worst-case scenarios even expect a total cessation of deep-water formation (Schubert et al. 2006) . Whether the larger global temperature gradient and intensified upwelling would then compensate for the nutrient deficiency in the source water as it happened in glacial times (Berger & Wefer 2002) remains to be seen.
Conclusions
[1] The three cores document climate variability in the northern Benguela Upwelling back to 5500 BP. The resolution of the data ranges from multi-decadal (NAM1) over centennial (core 178) to millennial scale (core 226620). The selection of proxy indicators provides a valuable basis for robust palaeo-climatic and -environmental reconstructions of the region. The proxies often correlate well with one another, which substantiates the credibility of the data also where fluctuations are only subtle.
Usually, studies are based on one palaeo-thermometer only. The combined analysis of SST and T d18O proved a useful tool in order to differentiate between climate signals transferred by the ocean or the atmosphere. Our results provide convincing evidence that properties and functioning of the northern Benguela system are intimately linked, on a large spectrum of time scales, to changes in both atmospheric circulation features and the thermohaline overturn.
[2] The d 15 N-records indicate that denitrification seems to have prevailed since the modern shelf circulation system has established. Average SST-records agree with today's temperature distribution suggesting that the location of upwelling did not substantially change through time.
Although the median values of the proxy indicators lie within today's range, the northern Benguela experienced pronounced and rapid perturbations during the middle and late Holocene, and apparently, not all are purely local in character. We have thoroughly compared our data with other palaeo-environmental records. Unfortunately a meaningful comparison with archives from the adjacent mainland is often hampered due to the insufficiently fine resolution and poor age determinations of terrestrial geoarchives. Besides, continental temperature and rainfall records are not unambiguous (Cohen & Tyson 1995; Heine 2005) . Moreover it is often difficult to clearly differentiate between local-, regionaland global-scale events.
Despite all this, the northern Benguela exhibits some strong correlations with both temperature and rainfall records from various sites across the South African subcontinent. Significant parallels with data from high northern latitudes provide evidence for inter-hemispheric climatic teleconnections. We were rather surprised at the frequent evidence of links between the core records and global climate variability (Holocene Hypsithermal, Roman Warm Period, LIA, etc.). Given the extremely heterogeneous and dynamic nature of the Benguela Upwelling, we anticipated global climate signals to be largely obliterated. Irrespective of whether or not some of the observed concurrences are pure coincidence, it definitively seems like the Holocene global climate history did not go by the northern Benguela without trace.
[3] One of the key findings is that the source waters are liable to substantial changes in the nutrient content and temperature. Available information supports the hypothesis that these changes are, at least partly, caused by varying rates of NADW-production. During periods of slackened NADW-formation, T d18O declines and pri- Figure 8 . Comparison of the SST-evolution in the northern Benguela (NAM1) and off NW-Africa (GeoB 2007-2; redrawn after Kim et al. 2007 ). Both coastal upwelling areas exhibit strikingly contemporaneous reversals and trends in SST during the last one and a half millennia. This includes the slight warming around 1200 BP and the subsequent cooling associated with the MWE. The warming around 500 BP is also markedly synchronous. mary production diminishes. The latter is taken as an indication of decreased nutrient supply, the former agrees with reduced introduction of warm Agulhas Water as the global conveyor decelerates. With increased NADWformation the conditions reverse.
On the basis of the available evidence, we incline to the view that fluctuations in primary production reflect the dynamics of currents and source water masses rather than the dynamics of the atmosphere and upwelling. This is exactly opposite to glacial times when atmospheric forcing outweighed the nutrient deficiency of the source waters (Berger & Wefer 2002) .
Although definite conclusions are conditional upon further investigation, our findings substantiate the previously observed control of Agulhas Water on the quality of ESACW (e.g. Gordon 1986 ). Apparently, its influence reaches higher up north than hitherto discovered (NB: The variability of inter-ocean exchange in the Agulhas Retroflection area is currently being investigated by a project called ASTTEX, Agulhas-South Atlantic Thermohaline Transport Experiment (Project homepage:
http://gyre.umeoce.maine.edu/ASTTEX/). The project is conducted against the background that inter-ocean communication plays an important role in global climate change.).
[4] Predictions about the future stability of the global ocean conveyor vary substantially and region-specific consequences of abrupt changes in NADW-production are also highly speculative. As regards the Benguela system, a severe slowdown of the ocean conveyor may have adverse effects on primary production and the ecosystem as a whole due to deteriorating amounts of nutrients in the source waters. If, however, the system switches back to the glacial mode, increased upwelling may be able to compensate for that nutrient deficiency.
There is no single dominant factor controlling variability in the northern Benguela system. Apart from local perturbations, the influence of both atmospheric and oceanic forcing seems beyond all question. Still, the full array of feedback mechanisms, ocean-atmosphere interactions and causal links including the implications for the Benguela upwelling are not entirely understood yet.
All remaining uncertainites notwithstanding, our data yield novel information on how external forcing acted on the northern Benguela Upwelling in the past. The study and thorough comparison of three highly resolved cores from the northern Benguela shelf is hitherto unique. When worked into numerical and conceptual models the data will contribute to the refinement of future climate predictions for the South African realm and the development of a long-term sustainable fisheries management plan.
